Malformations of cortical development (MCD) are an important aetiology of localization-related epilepsy. Previous MRI and [ 11 C]flumazenil PET studies have demonstrated widespread structural and neuroreceptor abnormalities beyond the region of MCD that is visually apparent on MRI. We investigated the ability of brain regions affected by MCD to participate in normal cognitive and motor tasks and compared the responses seen in such patients with those in normal subjects. We studied five patients known to have MCD affecting the occipital region and seven normal subjects using H 2 15 O PET whilst they were performing a visual attention task. We also studied five right-handed patients known to have MCD affecting the left frontal lobe and seven righthanded normal subjects, using H 2 15 O PET whilst they were performing a motor learning task with the right hand. The patient and normal control data were examined using statistical parametric mapping to determine the Keywords: epilepsy; cortical dysgenesis; cerebral activation; cortical reorganization Abbreviations: MCD ϭ malformations of cortical development; rCBF ϭ relative regional cerebral blood flow; RVIP ϭ rapid visual information processing; SPM ϭ statistical parametric mapping
Introduction
Malformations of cortical development (MCD) are increasingly recognized as an important aetiology of localization-related epilepsy (Palmini et al., 1991a; Raymond et al., 1995) . MRI detects most of these lesions (Kuzniecky, 1994) but both EEG (Guerrini et al., 1992; Raymond et al., 1995) and surgically resected specimens from such patients (Palmini et al., 1994) frequently suggest that the abnormality is more extensive than the MRI-defined lesion. Using PET and [ 11 C]flumazenil to label benzodiazepine receptors, we have recently shown that the majority of patients with MCD had regions of significantly abnormal receptor binding remote from the MRI lesion (Richardson et al., 1996) . These lines
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ability of the brain region affected by MCD to participate in the task and also to detect evidence for atypical organization of cortical function in association with the MCD. Eight of the ten patients with MCD showed significant alteration of relative regional cerebral blood flow during the task compared with 'rest' in the affected brain region. These regions included focally dysgenetic cortex, the cortex lining schizencephalic clefts, heterotopic bands, subependymal grey matter heterotopia, and the cortex overlying band and subependymal heterotopia. In addition there was a significant alteration in the overall activation pattern in five patients compared with the normal control groups; in all five patients this atypical organization involved regions of cortex that appeared entirely normal on MRI. We conclude that regions of MCD may participate in normal cognitive functions but widespread cortical atypical organization may be seen. These findings have implications for surgical planning in any such patients.
of evidence suggest that lesions detected by MRI may be merely the tip of the iceberg.
Impairments of cognitive performance are frequently observed in such individuals (Palmini et al., 1991b, c; Guerrini et al., 1992; Hirabayashi et al., 1993) , although only nine out of a series of 100 patients with MCD (Raymond et al., 1995) were found to be mentally retarded. This finding is perhaps surprising in view of the extensive nature of the lesions in many of these patients. One possible interpretation of this finding is that the developmentally and structurally abnormal regions of cerebral cortex may be able to participate in normal cognitive tasks to good effect; alternatively, the brain may be atypically organized such that remote and unaffected areas of the brain, which would not normally participate in the performance of a particular task, may have developed the ability to perform a task normally associated with the abnormal area of the brain. These two possibilities are not mutually exclusive.
Activation studies using H 2 15 O PET can identify areas of the cerebral cortex that subserve a variety of tasks, from simple motor to complex psychological paradigms . Comparison of the distribution of blood flow in scans at rest with the distribution of blood flow during performance of a particular task identifies brain regions showing increases or decreases in relative regional cerebral blood flow (rCBF) during performance of that task. In the past such investigations required the pooling of results from several subjects in order to detect significant change. Recent improvements in scanner technology have resulted in a 5-fold improvement in sensitivity, through the implementation of 3D acquisition (Bailey, 1992) , such that it is now possible to detect with confidence local changes in perfusion of 3% between conditions in a single subject. Furthermore, recent advances in the technique of statistical parametric mapping (SPM) (Friston et al., 1994 (Friston et al., , 1995a allow both the assessment of significant change within an individual and also a comparison of the pattern of activation seen in that individual with that seen in a normal control group.
The aim of the present study was to investigate whether regions of malformed cerebral cortex participate in normal cognitive functions. We also compared the overall pattern of activation in each subject with MCD with a normal control group for the task in question, in order to determine whether there was atypical organization of cortical function in the apparently normal cortex in these subjects, as a consequence of MCD. In order to adopt the strongest possible methodology, we chose activation paradigms which had already been demonstrated to produce robust activation in normal subjects and a widely established analysis technique, SPM, to identify activation in individual subjects and to compare each subject with a normal control group.
Method Subjects
Patients were recruited from the Epilepsy Clinic of the National Hospital for Neurology and Neurosurgery, Queen Square, London, UK and from the National Society for Epilepsy, Chalfont Centre, Chalfont St Peter, UK. All had undergone MRI, including a spoiled gradient recalled T 1 -weighted volume acquisition, proton density and T 2 -weighted images (GE Signa 1.5T), which had identified MCD. The regions of MCD were defined visually in a qualitative manner by an experienced consultant neuroradiologist, drawing on our unit's substantial experience in the identification of MCD using high-resolution MRI (Raymond et al., 1995) . The boundary between normal and abnormal regions was traced manually onto each axial section of the T 1 -weighted data set by one investigator, for comparison with the SPM analysis. All patients suffered from partial seizures and were taking antiepileptic drugs. Clinical details of the patients are provided in Table 1 .
Normal controls were volunteers recruited from friends and colleagues of both the investigators and patients. All were neurologically normal, with no personal or family history of neurological illness or family history of MCD. All gave informed consent to participation in the study.
Ethical committee approval for this project was obtained from both the National Hospital for Neurology and Neurosurgery and the Hammersmith Hospital. Approval to administer the radioisotope was obtained from the Administration of Radioactive Substances Advisory Committee, UK.
PET scanning
PET scans were carried out at the Medical Research Council Cyclotron Unit, Hammersmith Hospital, UK, on a Siemens-CTI 953B (CTI Inc., Knoxville, Tenn., USA) in 3D mode with the collimating septa retracted. Radioactivity was administered as an H 2 15 O bolus infused over 20 s followed by a 20 s saline flush. Twelve PET emission scans were collected over 2 h for each subject, with a 10 min interval between the start of each scan. The effective dose equivalent of radioactivity per subject was 5.0 mSv. Integrated radioactivity counts were collected over a 90 s acquisition period, commencing at the rising phase of radioactivity counts in the head; these data were used as an index of rCBF (Coull et al., 1996) . A transmission scan was collected at the beginning of the scanning period to correct for attenuation of radioactivity by cerebral and extracerebral tissues. All active experimental conditions began 60 s before the start of the data acquisition period and continued through to the end of this time.
Experimental designs

Occipital cortex activation
Five patients with MCD involving the occipital cortex and seven normal subjects were studied. All undertook the Rapid Visual Information Processing (RVIP) task (Coull et al., 1996) . This task, primarily a test of visual sustained attention, has been shown by this study to give rise to significant increases in rCBF in bilateral calcarine sulci, fusiform gyri, superior parietal cortex, inferior frontal gyri, supplementary motor areas and right superior frontal gyrus, when compared with a rest condition. Subjects studied were of either left or right handedness; handedness has been shown not to influence the pattern of activation.
Two experimental conditions were used: rest and RVIP. Each condition was repeated six times. During the rest condition the subjects remained still and at rest with eyes closed, with low ambient noise. During the RVIP condition subjects were asked to look at the centre of a screen on which were presented digits one at a time in an apparently random order at a rate of 100/min. Subjects were required to detect any of four specified sequences of three digits (viz. 1-3-5, 2-4-6, 3-5-7, 4-6-8) and to register detection by pressing a button. Target sequences occurred eight times per minute; correct responses during the 1.5 s after target presentation ('hits') and button presses occurring without the appropriate target stimulus ('false alarms') were recorded automatically. An index of performance was determined as described previously (Coull et al., 1996) .
Dominant left frontal cortex activation
Five right-handed patients with MCD involving the left frontal cortex and seven right-handed normal subjects were studied. All undertook the Motor Sequence Learning task (Jenkins et al., 1994) . This task gives rise to significant increases in rCBF in the left sensorimotor cortex, bilateral lateral premotor cortices, supplementary motor cortex, dorsal prefrontal cortex, bilateral cerebellar cortex and nuclei, and bilateral putamina. Two conditions were used: rest and motor sequence learning. During the active condition subjects were asked to learn a sequence of eight key presses with the fingers of their right hand on a four-key keypad. This was performed as follows. A computer-generated pacing tone occurring every 2 s was the cue to press a key. Initially, the subject would guess, and press any key. If the response was incorrect a low-pitched tone was produced, indicating that the subject should guess again at the next pacing tone. If the response was correct a high-pitched tone was produced to indicate that the subject had guessed correctly and should proceed to guess the next key press in the sequence at the next pacing tone. In this way the subject proceeded until the sequence of eight key presses had been successfully guessed. Following this a series of rapid tones indicated that the subject should return to the beginning of the process and attempt to recall the sequence. If the sequence was recalled correctly a new sequence was started for the subject to guess. If the subject made errors, an 'incorrect' tone was produced in an identical manner to the first attempt at the sequence. The number of errors during sequence learning was recorded. For each of the six active condition scans a different sequence of eight key presses was presented. The rest condition consisted of lying with eyes closed, fingers resting unmoving on the keys, listening to tones produced by the computer, which simulated the tones produced during an active condition.
Data analysis
Data were analysed on a Sun SPARCclassic workstation (Sun Microsystems, Mountain View, Calif., USA) using Analyze version 7.0 (Mayo Foundation) (Robb and Hanson, 1990) , MATLAB (The MathWorks Inc., Natick, Mass., USA) and SPM (Wellcome Department of Cognitive Neurology, Institute of Neurology, London) (Friston et al., 1994 (Friston et al., , 1995a .
Statistical parametric mapping
Statistical parametric mapping is a statistical process used to characterize regional significant effects in imaging data. First, the 12 rCBF images for each subject were aligned using automated PET-to-PET coregistration. Following realignment all images were transformed into a standard anatomical space. This normalizing spatial transformation matched each scan to a reference or template image that already conformed to the standard space, without requiring user-defined landmarks. The procedure involved linear and quadratic threedimensional transformation followed by a two-dimensional non-linear warping, using a set of smooth-basis functions that allow normalization at a finer anatomical scale (Friston et al., 1995a) . As a final preprocessing step these images were also smoothed using a 20 ϫ 20 ϫ 12 mm full width at half maximum Gaussian kernel.
Effects were estimated according to the general linear model at each and every voxel (Friston et al., 1995b) . Global activity was taken to be a confounding covariate, and this analysis can therefore be regarded as an analysis of covariance (Friston et al., 1990) . To test hypotheses about regionally specific effects the estimates were compared using linear compounds or contrasts. The resulting set of voxel values for each contrast constituted a statistical parametric map of the t statistic SPM{t}. The SPM{t} values were transformed to the unit normal distribution [SPM{Z}] and thresholded at a chosen threshold. To correct for the multiple non-independent contrasts involved in examining many voxels simultaneously, the resulting foci were characterized in terms of spatial extent (κ) and peak height (µ) (Friston et al., 1994) . This characterization is in terms of the probability that a region of the observed number of voxels (or bigger) could have occurred by chance [P(n max Ͻ κ)], or that the peak height observed (or higher) could have occurred by chance [P(Z max Ͻ µ)] over the entire volume analysed (i.e. a corrected P value).
The high-resolution SPGR volume acquisition (GE Signa 1.5T) MRI for each patient was coregistered with a PET image for that individual (Friston et al., 1995a) . The PET image used was the mean image of all 12 realigned scans. The coregistered MRI was transformed to the standard space using the identical transformation parameters used for transformation of that individual's PET.
Contrasts were assessed between task and rest for each entire normal control group. The Z score threshold used was 3 (P Ͻ 0.001); the regions reported remained significant after subsequent correction for multiple non-independent comparisons at P Ͻ 0.05.
For each individual patient, the analysis was carried out in two steps. The first step revealed the brain regions involved in task performance in each individual patient; the second The number of regions, relative change in rCBF, extent in number of voxels, peak Z-score height and anatomical position are described. step allowed each individual patient's activation pattern to be compared with that of the normal control group, which may reveal reorganization of cortical functions. Finally, the effect of difference in task performance between the individual patient and the normal group was examined, to address the possibility that differences in activation pattern were due to differential task performance.
Significant changes in rCBF in the whole brain of each patient
Contrasts were assessed between the active condition and rest for each individual patient in order to demonstrate all of the regions associated with significantly increased rCBF and significantly decreased rCBF during the task versus rest. To identify the overall pattern of activation, a Z score threshold of 3 (P Ͻ 0.001) was used: the regions reported remained significant at P Ͻ 0.05 after subsequent correction for multiple non-independent comparisons. If no significant regions were seen at this threshold, the visually determined region of MCD was examined alone at a threshold of P Ͻ 0.01 uncorrected.
Comparison of individual activation pattern with the control group
To demonstrate the significant differences in activation pattern between the findings for each patient and the appropriate normal control group an interaction between group (i.e. individual patient or normal controls) and condition (task or rest) was assessed. Two contrasts can be examined, one revealing brain regions showing a relatively greater tendency to increase rCBF with the task in the patient compared with the normal controls, the other revealing brain regions showing a relatively greater tendency to decrease rCBF with the task compared with the normal controls. It was anticipated that the normal subjects would exhibit a certain amount of variability in terms of brain regions activated by the task and the relative 'strength' of activation observed in those regions. Our aim was to detect reorganization of cerebral function in the patients which was outwith the variability seen in the normal control group. In order to determine normal variability, each normal subject was compared with the remainder of the control group; this interaction was also thresholded at P Ͻ 0.001 uncorrected, corrected for multiple non-independent comparisons at P Ͻ 0.05. The number of brain regions detected in this interaction, the peak Z scores and the extent of each region were noted for each normal individual. Similarly, each patient was compared with the normal control group, and the number of brain regions detected in this interaction, the peak Z scores and region extent were noted. Post hoc, a more stringent Z score threshold and a threshold for region extent were determined, such that no normal individual was found to have any region above this new threshold in comparison with the remainder of the normal group. A patient was regarded as showing atypical organization of function if any brain regions were detected above these more stringent Z score and region extent thresholds.
To test the hypothesis that differences in activation pattern between the individual patients and the control group were the result of differential task performance between the patients and normal subjects, interaction between patients and normal subjects was examined using task performance as a confounding covariate, in order to identify those areas of the brain with a difference in activation between patients and normal subjects that was not due to differential task performance.
Results
Occipital cortex activation Significant changes in rCBF in the whole brain of each patient
All five patients showed regions of significantly increased blood flow with the task relative to rest at the statistical thresholds selected. Four of the five patients showed significant change in rCBF in the region of MCD. Subject DL, with frontoparietal band heterotopia and occipital subependymal heterotopia, showed widespread activation of the cortex overlying the heterotopia and activation of a region of subependymal heterotopia in the left occipital lobe; subject EM was found to increase rCBF in a heterotopic nodule; subject SN showed no activation of a heterotopic nodule but a significant decrease in rCBF in the overlying cortex; subject TP showed activation of part of the area of the right temporoparieto-occipital dysgenetic cortex. Subject MW showed failure of activation of the abnormal cortex. Fig. 1 Illustrative examples. Statistical parametric maps are superimposed on anatomically normalized T 1 -weighted MRIs of the individual subjects. Red (a), increased rCBF, P Ͻ 0.01; yellow (b), increased rCBF, P Ͻ 0.001; green (c), decreased rCBF, P Ͻ 0.01; dark blue (d), decreased rCBF, P Ͻ 0.001; orange (e), relatively greater increase in rCBF compared with controls (see text for significance level); pale blue (f), relatively greater decrease in rCBF compared with controls (see text for significance level). The left of the brain is on the right of the image. (1) Subject MW. Dysgenetic cortex is present in the right temporal and occipital cortex (arrows) on the untransformed MRI (lowest image). The activation pattern is normal, apart from the failure of activation in this area (white arrows, top row) and also failure of activation of the opposite superior parietal cortex (black arrow, middle row). (2) Subject EM. Bilateral heterotopic nodules are seen in the occipital horns (arrows). In the upper row activation is seen in the nodule on the left and in the overlying cortex. In the lower row this is shown to be a significantly greater activation than in the normal controls. (3) Subject KT. In the top row extensive dysgenetic cortex is seen in the left hemisphere (arrows); no activation is seen in the primary motor cortex of the left hemisphere, as evidenced by an increase in rCBF only in the right hemisphere. In the lower row significantly greater activation is seen in this region than in the controls. This implies atypical organization of cerebral function. (4) Subject DL. In the top row activation is seen in a region of subependymal heterotopia (white arrow) and in the cortex overlying band heterotopia (black arrow). In the bottom row an extensive left frontal region showing relatively greater activation than in the controls is seen. (5) Subject TP. Heterotopia is present (black arrow) in addition to extensive dysgenetic cortex in the occipital poles (white arrows) on the untransformed MRI (lowest image). In the top row activation is demonstrated in the occipitotemporal regions bilaterally. In the middle row the left occipitotemporal cortex is shown to activate significantly more strongly than in the normal controls. It could be envisaged that the major activations usually confined to the occipital cortices have been 'displaced' anteriorly because of the dysgenetic nature of the occipital cortex in this subject. (6) Subject KS. Generalized subependymal nodular heterotopia is seen. The upper row shows activation in the heterotopic nodules on the left. The lower row shows in the same sections relatively greater decreases in rCBF in the bilateral occipital cortex. (7) Subject RH. Two schizencephalic clefts are present (arrows). Significant activation is seen in the abnormal cortex lining these clefts.
Comparison of individual activation patterns with the control group
Comparing each normal subject with the remainder of the control group at Z Ͼ 3 (P Ͻ 0.001, corrected P Ͻ 0.05), all the normal subjects showed at least one significant region. No normal subject had any region significantly different from the rest of the control group at a threshold Z Ͼ 6 with an extent of greater than 72 voxels; this was therefore chosen as the threshold for examination of the patients. Three of the five patients had brain regions significant at this threshold (Table 2 ). DL had a left frontal region showing a relatively greater increase in rCBF with the task than in the controls. This subject also had two regions showing relatively greater decrease in rCBF: one in the right superior temporal region, the other in the left occipital cortex. EM had relatively greater increase in rCBF in the heterotopic nodule in the left occipital lobe and in the overlying cortex, and relatively greater decrease in rCBF in the right primary motor cortex, the right superior temporal cortex and in the mid-cingulate. TP had significantly greater increase of rCBF in the left posteriorinferior temporal area.
There was no significant difference between the task performance of the patient group and the normal control group. Furthermore, using task performance as a covariate, no differences between the control group and any patient were found to be due to differential task performance.
The results are summarized in Table 3 and illustrated in Fig 1. 
Left frontal cortex activation Significant changes in rCBF in the whole brain of each patient
All five patients showed regions of significantly increased blood flow with the task relative to rest at P Ͻ 0.001, corrected P Ͻ 0.05. Four patients showed significant activation of the region affected by MCD. In subject AF activation was seen in the cortex overlying the subependymal nodular heterotopia. In subject EG activation was seen in the cortex overlying the band heterotopia. In subject RH activation was seen in the cortex lining the schizencephalic clefts and in surrounding regions of focal cortical dysgenesis. Subject KS showed vigorous activation of the nodular heterotopia on the left. In addition, AF had a region of significantly increased rCBF in a heterotopic nodule in the right frontal lobe at P Ͻ 0.01, and EG had extensive task-related decrease in rCBF in the heterotopic bands at P Ͻ 0.01.
Comparison of individual activation pattern with the control group
Five of the normal subjects, when compared with the remainder of the control group at Z Ͼ 3 (P Ͻ 0.001, corrected P Ͻ 0.05), showed at least one significantly different region. No normal subject had any region significant at a threshold of Z Ͼ 4.9 and extent greater than 106 voxels. Two of the five patients had regions that were significantly different from the control group at this threshold (Table 2) . KS showed significantly greater decreases in rCBF in the occipital cortex bilaterally. KT had a significantly greater increase in rCBF in the inferior (hand) region of the right precentral gyrus.
The results are summarized in Table 3 and illustrated in Fig. 1 .
Discussion
We have shown that eight out of ten patients with MCD showed significant changes in rCBF in affected brain regions with appropriate tasks. These findings included changes in rCBF seen in regions of focal cortical dysgenesis, in the cortex lining schizencephalic clefts, in subependymal grey matter heterotopia and in the cortex overlying band and subependymal heterotopia. Two subjects showed no significant change in rCBF in an area affected by MCD; in both, focal cortical dysgenesis failed to activate. In addition, there was a significant alteration in the overall activation pattern in five patients, compared with a normal control group, using a very high statistical threshold that was shown to exclude outliers from the normal control group. In three of these patients this alteration in overall pattern of activation included regions of the cortex which appeared entirely unaffected by MCD on MRI. Two further subjects with generalized MCD (one with subependymal heterotopia and one with anterior band heterotopia and posterior subependymal heterotopia) showed extensive reorganization of the activation pattern in the cortex overlying the heterotopia, which appeared structurally normal on MRI. Our rigorous methodological approach has identified regions of brain in these patients which were significantly involved in the task and were remote from brain regions showing similar changes in rCBF in the normal control group.
Generally, the brain regions recruited during the performance of the visual and motor tasks by the patients were similar to those recruited by the normal group. Furthermore, measures of task performance indicated that the patients were performing the tasks in a manner comparable to the controls, and differential task performance did not explain the differences seen between the patients and normal controls. Additionally, the alterations in the activation patterns seen were related anatomically to the site of dysgenesis in most of the patients: for example, in subject TP the dysgenetic occipital cortex did not activate normally and the major activations in the posterior hemisphere were 'displaced' anteriorly into the boundary area between structurally normal and affected cortex. KT had dysgenesis encroaching into the inferior part of the left primary motor area, which would normally be strongly activated by the motor learning task, but in contrast activation was seen in the inferior right primary motor cortex. AF, EM, DL and KS showed activation of the subependymal heterotopia underlying the motor or visual cortical areas. These findings argue strongly that the alterations in activation pattern seen in our patients were directly related to the presence of MCD.
It is well recognized that the region of brain involved in the performance of the same task as determined with H 2 15 O-PET in different individuals may vary in terms of position and magnitude of blood flow change (Watson et al., 1993) . Thus, significant differences might be observed between any one normal individual and the mean and variance of a separate normal group. The study of Watson et al. (1993) showed that, although the position of the maximally activated voxel in the vicinity of occipital area V5 (the visual motion area) varied by up to 27 mm, this peak voxel was always found within a particular sulcus of the occipital region. The detection of any difference between a patient and a normal control group in our study may be no more than an illustration of this normal idiosyncrasy. Indeed, we showed that the majority of our normal control group did have differences from the remainder of the control group at a conventional level of statistical significance. However, our method enabled us to determine the range of this normal variability and to show that the differences between five of the patients and the normal subjects were of a significantly greater magnitude. This distinction between normal variability and unequivocal abnormality is crucial in any attempt to reveal cortical reorganization. Our methods, available within the SPM software package, could be easily applied in other areas of research in which cortical reorganization or plasticity is hypothesized.
The activation paradigms used were known to activate a distributed network and involve more than one aspect of cognition. An alternative might have been to use apparently simple tasks intended only to activate the dysgenetic area, employing only one simple cognitive or motor function. However, our aim was simply to determine whether any activation could be observed in dysgenetic regions and whether reorganization of cortical functions would be seen in patients with MCD. Our approach was to use statistically robust, established activation paradigms, rather than to design new, potentially simpler paradigms because the nature of the activation pattern was not relevant to the question being addressed. In addition, we chose to use SPM rather than an approach based on regions of interest because we could not predict a priori which regions of brain would be involved in the task performance in the subjects with MCD. A volumetric transformation to a standard template was used as in our previous study of MCD patients using [ 11 C]flumazenil and SPM (Richardson et al., 1996) . Further analysis of this [ 11 C]flumazenil data has shown that the majority of the differences between the MCD patients and normal controls were not due to structural abnormalities as defined using high-resolution MRI, confirming the appropriateness of the volumetric normalization technique (Richardson et al., 1997) . Although the MCD patients in the current study had anatomical abnormalities, excellent volumetric normalization was again seen; the differences between the activation patterns seen in the patients and normal controls in the present study are also not likely to be explained by anatomical differences. This is supported by the lack of artefactual differences in activation pattern at the edges of the imaging volume where any imperfect normalization would have its greatest impact.
The ability of areas of MCD to participate in cognitive processing has not been demonstrated previously. Other studies, however, have indicated that this might be the case. Evoked potentials may, in some cases, be recorded overlying regions of MCD (Raymond et al., 1994) . Electrical stimulation of brain regions affected by schizencephaly has also been shown to give rise to motor responses (Leblanc et al., 1991) . Using [ 18 F]deoxyglucose-PET, heterotopic nodules and bands were shown to have a resting metabolic activity that was similar to that of the normal cortex (Miura et al., 1993; De Volder et al., 1994; Lee et al., 1994) . Furthermore, in a single case studied twice with [ 18 F]deoxyglucose-PET, once at rest and once with a task, increased task-related metabolic activity was observed in the nodule (Calabrese et al., 1994) . Our finding of activation in heterotopic nodules used a more robust method and amply confirms this prior suggestion.
Three patients showed a failure of activation of the region affected by MCD: two showed no significant activation of the region of focal cortical dysgenesis; one showed no activation of a heterotopic nodule. However, these patients were tested with only one task; it is possible that other paradigms might activate these regions. The limitations imposed by radiation exposure with PET prevent the evaluation of each patient with more than one paradigm; functional MRI has a potential advantage in this respect.
Such studies may be relevant in the presurgical evaluation of patients with MCD if the major functions relevant to the area in question could be tested.
The detection of a different pattern of rCBF changes in the patients with MCD compared with the normal controls raises some interesting neurobiological questions. First, in the presence of cortical malformation, does the observation of a change in blood flow imply a change in neuronal activity, or could the blood flow responses be occurring independently of neuronal activity? The blood flow changes seen were of a similar relative order of magnitude in the patients as in the controls (i.e. the Z score peaks were of similar height) and the patients and normal controls performed the tasks at a similar level of competence. It would be most unlikely that the patients performed the same task to the same level as the normal controls, producing regions of significant blood flow change of the same order of magnitude as in the normals, but these blood flow changes were unrelated to the neuronal task. Secondly, what are the effects of a chronic seizure disorder, anticonvulsant drugs and interictal spikes on the patterns of blood flow responses to a task? There are no previous data specifically addressing these issues; the current study indicates that in some cases there was no significant difference between the patient group and the normal control group, implying that these factors do not necessarily result in rCBF differences between patients with MCD and normal controls.
In addition to differences in local gross anatomy or histological appearance, it is possible that there may be changes in connectivity within the brains of subjects with MCD. As a follow-up to the current study we are examining the 'effective' connectivity (Friston et al., 1993) of the brains of the subjects with MCD in comparison with the normal controls by using an 'eigenimage' analysis, looking for a generalized eigenimage solution that shows the pattern of effective connectivity maximally expressed in the normal subjects but minimally expressed in the patient with MCD and vice versa.
In conclusion, we have demonstrated that regions of MCD may participate in normal cognitive activity and that the presence of even localized MCD can be associated with an abnormal organization of cortical function. This atypical organization of cognitive function may reflect abnormal connectivity between areas of MCD participating in the task, may be an adaptive response of the brain in order to compensate for the MCD, or may be a reflection of the more widespread nature of MCD than is evident with MRI. In some patients with MCD a lack of activation is seen in the affected area, suggesting that this region may be relatively non-functional. The use of functional imaging studies with H 2 15 O PET and functional MRI to reveal such findings may in the future become an important preoperative evaluation in patients in whom surgery is being considered. 
